Abstract
METHODS:
Cold-restraint stress was conducted on rats to increase fecal pellets output. Each isolated colonic circular muscle strip was suspended in a tissue chamber containing warm oxygenated Tyrode-Ringer solution. The contractile response to ACh or KCl was measured isometrically on inkwriting recorder. Incubated muscle in different concentrations of pinaverium and the effects of pinaverium were investigated on ACh or KCl-induced contraction. Colon smooth muscle cells were cultured from rats and [Ca 2+ ] i was measured in cell suspension using the Ca 2+ fluorescent dye fura-2/AM.
RESULTS:
During stress, rats fecal pellet output increased 61 % (P<0.01). Stimulated with ACh or KCl, the muscle contractility was higher in stress than that in control. Pinaverium inhibited the increment of [Ca 2+ ] i and the muscle contraction in response to ACh or KCl in a dose dependent manner. A significant inhibition of pinaverium to ACh or KCl induced [Ca 2+ ] i increment was observed at 10 -6 mol/L. The IC 50 values for inhibition of ACh induced contraction for the stress and control group were 1.66×10 -6 mol/L and 0.91×10 -6 mol/L, respectively. The IC 50 values for inhibition of KCl induced contraction for the stress and control group were 8.13×10 -7 mol/L and 3.80×10 -7 mol/L, respectively.
CONCLUSION: Increase in [Ca

2+
] i of smooth muscle cells is directly related to the generation of contraction force in colon. L-type Ca 2+ channels represent the main route of Ca 2+ entry. Pinaverium inhibits the calcium influx through L-type channels; decreases the contractile response to many kinds of agonists and regulates the stress-induced colon hypermotility.
INTRODUCTION
Irritable bowel syndrome (IBS) is a common functional gastrointestinal disorder in which abdominal pain is associated with changes of bowel habit and abdominal distension [1, 35] . The pathophysiological mechanisms for IBS are not clear and therefore the therapy is usually empirical. Abnormal contraction of intestinal smooth muscle may be important in producing the main IBS symptoms [2] [3] [4] [5] 43] , thus, modifying the contractility is often the major aim in the treatment of IBS [6, 7] . Pinaverium bromide, a L-type calcium channel blocker with selectivity for the gastrointestinal tract, effectively relieves pain, diarrhea and intestinal discomfort, provides good therapeutic efficacies without significant adverse effects on IBS patients [8] [9] [10] . To evaluate the rational use of calcium channel blockers in colonic motor activity affecting the contraction of smooth muscle and to explorer the physiopathology in such functional bowel disorders, we conducted cold-restraint stress on rats to induce fecal pellet output increased, investigated changes in contractility of circular muscle isolated from stressed colon treated with or without pinaverium. In addition, to further clarify the mechanism in the action of pinaverium we cultured colonic smooth muscle cells from rats, analyzed the influence of pinaverium on the free cytoplasmic Ca 2+ concentration ([Ca   2+ ] i ). The circular muscle was chosen because it was the musculature predominantly responsible for propulsive contractile activity.
MATERIALS AND METHODS
Animal model
Male Wister rats, weighing 250-300 g, were housed in individual cages and provided with standard rodent chow and tap water for at least one week prior to the experiment. Room temperature was maintained at 25-28 . Rats were deprived of food but not water for 24 h before testing. Rats were studied for 2 h in normal living cages at room temperature (control, no stressed animals) or in wire-mesh restraining cylinders (5.5 cm in diameter×18.5 cm in length) placed in a cold (4-6 ) environment (cold-restraint stressed animals). The quality of fecal pellets expelled by each animal was measured after 2 h.
Recording of contractile responses to the stimulation of agonist
Each animal was killed by cervical dislocation, and the segments of distal colon (4 cm from anus) were removed. Circular smooth muscle strips (2 mm×8 mm) were prepared by separating the mucosa and serosa from the muscle layers.
Muscle strips were mounted in individual tissue baths containing warm (37 ) oxygenated (95 % O 2 and 5 % CO 2 ) Tyrode-Ringer solution (pH7.4, composition in mmol/L: 137 NaCl, 5.4 KCl, 0.5 MgCl 2 , 1.8 CaCl 2 , 11.9 NaHCO 3 , 0.4 NaH 2 PO 4 , 5 Glucose) and attached to an isometric force transducer. The contractile activity was detected as change of tension, which was generated by circular muscle [39] [40] [41] ; the contractile response was measured isometrically on ink-writing recorder and the data were expressed as milli-Newton per square millimeter (mN/mm 2 ). Muscle strips from the control and stressed rats were randomly stimulated by ACh (10 -5 mol/L) or KCl (60 mmol/L). To investigate the effect of pinaverium bromide on muscle contractility, each muscle strip was stimulated by ACh or KCl twice before and twice after introduction of pinaverium (10 -7 -3×10 -5 mol/L) following at least a 15 min equilibration period for each concentration of the blocker in Tyrode-Ringer solution. For a single strip, up to three different concentrations of pinaverium were applied cumulatively. Mean values obtained before and after the treatment of the blocker were compared. The contractile response to pinaverium was expressed as the percent of decreased response in the control recorded immediately before exposure to the calcium channel blocker.
Isolation and culture of colonic smooth muscle cells
Smooth muscle cells were isolated from the colon of rats by two consecutive digestions with collagenase respectively, following the method previously described [11] . Briefly, after peeling off the serosal and mucosal layers, muscle tissues were minced into small pieces of 2 to 3 mm 2 and incubated in culture medium A (pH7.4, composition in mmol/L: 25 HEPES, 120 NaCl, 4 KCl, 2 CaCl 2 , 0.6 MgSO 4 ,2.6 KH 2 PO 4 and 14 glucose) containing 0.1 % collagenase, 0.1 % BSA, and 0.01 % soybean trypsion inhibitor for 40 min at 31 , the culture medium was filtered through a nylon mesh. The filtrate, which contained isolated cells, was diluted with enzyme-free culture medium A and centrifuged at 150 g for 5 min. The cell pellet was then diluted in PBS. The remaining tissue from the first incubation was reincubated in culture medium A for 30 min at 31 and fragments were dispersed into single cells by passages in and out the inverted wide end of a 5-ml pipette. The acquired cell suspension was filtered through a nylon mesh (500 µm). Isolated cells from the two incubations were pooled and counted. Freshly isolated colonic muscle cells were resuspended in DMEM medium with high glucose (12 mmol/ L), sodium pyruvate (1 mmol/L), 10 % heat-inactivated fetal bovine serum and antibiotics (100 UI/mL penicillin G, 100 UI/mL streptomycin, 50 µg/mL gentamicin and 3 µg/mL amphotericin B). Cells were plated in sterile flasks at a density of 5×10 4 cells/mL and incubated at 37 in a humidified atmosphere with 5 % CO 2 . Culture medium was exchanged every 3 d. Only those cells that were cultured for 14 to 17 days were used for subsequent studies.
Measurement of [Ca
2+
] i in colonic smooth muscle cells After the cultured cells were digested with 0.125 % trypsin, [Ca 2+ ] i was measured in cell suspension (10 6 cells/ml) using the Ca 2+ fluorescent dye fura-2/AM as described by Shi et al [11] . Muscle cells were suspended in a modified HEPES buffer containing (in mmol/L) 10 HEPES, 125 NaCl, 5 KCl, 1 CaCl 2 , 0.5 MgSO 4 and 5 glucose, and were incubated with 5 µmol/L fura-2/AM for 30 min at 37 . The fura-2/AM treated samples were diluted, centrifuged twice, and suspended in 1.5 ml solution with the same composition for immediate measurement of [Ca 2+ ] i . Fluorescence was measured at 510nm with excitation wavelengths alternating between 340nm and 380nm. Autofluorescence value of unloaded cells was subtracted from the fluorescence value of fura-2/AM treated cells. The [Ca 2+ ] i was calculated from the fluorescence ratio (R=F340/F380), [Ca 2+ ] i =Kd·(R-Rmin)/(Rmax-R). The dissociation constant (Kd) of 224 nmol/L was used for fura-2/ AM. The maximum and minimum fluorescence value were determined after adding 10 %Triton-X100 and 5 mmol/L EGTA, respectively, in each sample.
To investigate the effect of pinaverium bromide on [Ca 2+ ] i , cells were incubated for 20 min in HEPES buffer containing pinaverium (10 -7 -10 -5 mol/L) before the stimulation of agonists.
Statistical analysis
All values were expressed as x±s. Statistical analysis was done by one-way analysis of variance and the Student's t-test for unpaired observations. P<0.05 was considered statistically significant.
RESULTS
Defecation during stress
Cold-restraint stress significantly increased fecal pellet output. During 2 h, there were 2.40±1.23 fecal pellets in the stressed rats vs 1.49±1.04 in the control (n=45 each, P<0.001). In addition, stressed rats showed a higher incidence of poorly formed fecal pellets, which appeared to contain more fluid. After the cold-restraint stress for 2 hours, there was no gastric ulcers in rats, and the histological examination on the colon showed that no inflammatory responses (erosion, ulcer, edema, petechia, etc.) were found.
Effect of stress on colonic contractility
In the Tyrode-Ringer solution, ACh or KCl induced colonic circular muscle contraction and produced increase in force. Contractility of muscle in the stress group was significantly higher than that in control group (P<0.05) ( Table 1) . 
Effect of Pinaverium on smooth muscle contractility
Pinaverium bromide inhibited the contractile response to ACh or KCl in the control and stressed colonic circular muscle in a dose dependent manner. The IC 50 value for inhibition of 10 -5 mol/L ACh induced contraction in the stress group was 1.66×10 -6 mol/L, and in the control was 0.91×10 -6 mol/L. Effects of pinaverium on stressed colon were not significantly different from that in the control except for the effects of 3×10 -6 mol/L and 10 -5 mol/L. The inhibitory response at the maximum concentration of 3×10 -5 mol/L pinaverium was 99.57±0.62 % (n=8) and 98.24±1.92 % (n=7), respectively, in the stress and the control group there was no significant difference between them (P>0.05). Concentration-response curve was shown in Figure 1 . ] i increment in contraction were directly related to the force generation.
Pinaverium inhibited the increment of [Ca 2+ ] i in response to ACh or KCl in a dose dependent manner. A significant inhibition to 10 -5 mol/L ACh or 60 mM KCl was observed at 10 -6 mol/L pinaverium, as expressed in Table 2 . 
DISCUSSION
Different types of stresses play important roles in the onset and modulation of IBS symptoms [12] [13] [14] [15] [16] [17] [18] . Our results showed that cold-restraint stress significantly increased fecal pellet output in rats; which appeared to be the results of an increased colonic motility. There was no gastric ulcer or histological changes on the colon in the model of stressed rats, so it was an appropriate animal model to investigate the functional intestinal dysmotility such as IBS. In vitro studies using colonic smooth muscle strips obtained from rats showed that stress was accompanied by an increase in the contractility of muscle, it may be the reason for the colonic dysmotility.
Abnormal contraction of intestinal smooth muscle may be important in the pathology of IBS symptoms, thus, modifying the contractility is often the major aim in treating IBS [6, 7, 19] . A new approach to such disorder is based on the fact that Ca 2+ is involved in the mechanism of excitation-contraction coupling, which directly or indirectly controls the contractility of smooth muscle [44] . [Ca 2+ ] i regulates the contractile state of smooth muscle; increase of [Ca 2+ ] i is the primary stimulus for contraction [20] [21] [22] . Elevation of [Ca 2+ ] i in contraction is accomplished by Ca 2+ entry from extracellular and/or intracellular release of Ca 2+ from sarcoplasmic reticulum. Between these two Ca 2+ mobilization pathways, Ca 2+ influx from extracellular plays a major role in the contraction of colonic smooth muscle [23] [24] [25] [26] [27] [28] [29] 34] . L-type voltage-depended Ca channel represents the final 'common path' of all mechanisms that regulate muscle contractility [32, 36] . So important are these mechanisms in regulating [Ca 2+ ] i and the contractile state of smooth muscle that minor defects in function can greatly affect the mechanical activity of colon [11, 30, 31, 33] . In this study, we investigated the contractile response to KCl and ACh in colonic circular smooth muscle in rats. [25] . We found that the force of contraction in colonic muscle was related nonlinearly to [Ca 2+ ] i ; however both velocity and amplitude of [Ca 2+ ] i increment in muscle cells were directly related to the force generation. Pinaverium bromide is a Ltype calcium channel blocker with selectivity for the gastrointestinal used in the treatment of IBS [37, 38, 42] . Our work demonstrated that pinaverium inhibited both neurohormonal (ACh) and depolarization (KCl)-induced increment of [Ca 2+ ] i and contraction of colonic circular muscle in a dose dependent manner. The contractile responses were almost completely blocked at the maximum concentration of 3×10 -5 mol/L pinaverium, which indicated that repaid influx of Ca 2+ through L-type calcium channels played a major role in contractions of colon. Pinaverium acted on colonic muscle, and reduced the plateau phase of slow wave, thereby inhibited influx of Ca 2+ , abolished the accompanying contractile activity [32] . In normal Ca 2+ -contain buffer, the contractile responses to ACh and KCl were significantly increased in stress group than those in control group which indicated that more the contractile response was depended on extracellular Ca 2+ in the stress state and that influx of Ca 2+ through the cell membrane was increased. The IC 50 values (deduced from the concentration-response curves) for inhibition of ACh or KCl induced contraction in the stress group were higher than those in the control group, indicated that increased contractility of stressed colon may in part be due to the increased Ca 2+ influx through the L-type channels. Our experiments in insolated circular smooth muscle from rats demonstrated that alterations of the muscle calciumhandling properties was responsible for the increased contractility in colon. However, the precise contribution of these pathways in the intact conscious state can only be speculated. The colonic circular muscle of rat can generate three distinct types of contractions: rhythmic phasic contractions, giant migrating contractions and tone. The amplitudes, durations and motility functions of these contractions differ widely. Because Ca 2+ is a critical second messenger in the contraction of these cells and the amplitude and duration of cell contraction are correlated with [Ca 2+ ] i , it is likely that the three types of contractions would utilize Ca 2+ sources differently. The increase of Ca 2+ influx through L-type channels may be the reason why colonic smooth muscle exhibits hypermotility during stress.
Our study shows that increase of [Ca 2+ ] i in smooth muscle cells is directly related to the generation of contraction force in colon. L-type Ca 2+ channels represent the main route of Ca 2+ entry. Colonic circular muscle hypermotility in rats induced by cold-restraint stress is the result of an increased influx of extracellular Ca 2+ through L-type Ca 2+ channels. These studies provide a rationale for the use of pinaverium bromide in the treatment of colonic motor disorders (such as IBS) where excessive contraction need to be suppressed.
